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Abstract 
Cast iron water mains comprise approximately 28%, by length, of all water mains in Canada and the United 
States. Many of these cast-iron water mains are reaching the end of their expected service lives and their rate of 
failure is increasing. Of particular concern are large-diameter water mains, for which the consequences of failure can 
be severe. The aim of this paper is to use a physical, stochastic model previously developed by the authors to 
identify the most important factors that influence the probability of failure of large-diameter water mains in the City 
of Hamilton, Ontario, Canada distribution system. Failure is assumed to occur due to tensile hoop stress and a 
reduction in strength due to pitting corrosion. The stochastic analysis is implemented using Monte Carlo 
simulations. 
A case study of the City of Hamilton water distribution system is presented, in which the model is applied 
to 20 large-diameter, cast iron water mains. The results suggest that the diameter and burial depth have a moderate 
to strong influence on the probability of failure. With some exceptions, small-diameter pipes with shallow burial 
depths were associated with high probabilities of failure and large-diameter pipes deep burial depths were associated 
with low probabilities of failure. Soil corrosivity and pipe age were found to have a weak effect on probability of 
failure. There were insufficient samples of pit-cast pipes in the study to draw conclusions on the effect of the casting 
technique. 
© 2015 The Authors. Published by Elsevier Ltd. 
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1. Introduction 
A study by Folkman [1] found that, despite no longer being manufactured for use in the water pipe industry, cast 
iron (CI) water mains represent approximately 28%, by length, of all water mains in Canada and the United States. 
Many of these water mains are reaching the end of their expected service lives, with some installed as long ago as 
the late 1800s [2]. Folkman [1] also found that, of all materials, CI water mains had the highest reported rate of 
failure, at 15.2 failures per 100 km of pipe per year. Of further concern to water utilities are large-diameter water 
mains, defined in this paper as water mains with a diameter greater than 500 mm (20”). Large-diameter water mains 
can have severe consequences of failure in terms of disruption of service, repair costs and compensation claims. 
The aim of this paper is to use a physical, stochastic model developed by Wilson et al. [3] to identify the most 
important factors that influence the probability of failure of large-diameter water mains in the City of Hamilton, 
Ontario, Canada distribution system. The mechanics-based model is comprised of a pipe and pipe-soil interaction 
sub-modules. Due to uncertainty in both spatial and temporal factors affecting the rate of failure of CI water mains, 
Monte Carlo simulations (MCS) are used to perform a stochastic analysis. The model is employed in a case study of 
20 large-diameter CI water mains in the Hamilton, Ontario, Canada water distribution system. 
1.1. Previous Work 
Mechanics-based models have been previously developed to predict the reliability or failure of CI water mains. 
Rajani et al. [4] developed a methodology and mechanistic, deterministic model to estimate the service life of CI 
water mains. The research included the testing of samples of exhumed CI water mains and soil samples from across 
North America. The results of these tests were used to develop two models: the first to predict the corrosion rate of 
CI water mains, and the second to relate the corrosion pit depth to the residual yield strength of the pipe. This 
methodology was further developed by Sadiq et al. [2], who implemented a framework for stochastic analysis using 
Monte Carlo Simulation (MCS). Tesfariam et al. [5] further developed the methodology to include a possibilistic 
framework using fuzzy number theory.  
Several universities and industry partners in Australia [6,7] are undertaking a research initiative to improve the 
prediction and characterization of water main failures through the development of pipe condition assessment 
technologies and validation using laboratory testing. Several smaller projects have also previously been undertaken 
to develop such models. For example, Moglia et al. [8] and Davis and Marlow [9] developed a mechanics-based, 
stochastic model to estimate the economic life spans of CI water mains in Australia. 
The model presented in this paper draws largely from the work of Rajani et al. [4] and Sadiq et al. [2]. However, 
the model presented in this paper focuses entirely on large-diameter pipes and hoop stresses, rather than smaller-
diameter pipes and axial stresses. As well, component equations which calculate hoops stresses due to a temperature 
gradient across the pipe wall and due to the curvature due to the live load were added.   
2. Method 
CI tends to corrode in aggressive environments, leading to corrosion pitting and graphitization, which is the main 
cause of failures in CI water mains [1]. Therefore, in the model presented, failure is assumed to occur due to tensile 
hoop stress and a reduction in the strength of the pipe due to pitting corrosion, resulting in a longitudinal split 
failure. Hoop stress is assumed to be the governing failure mechanism, as longitudinal splits are the main failure 
mechanism along the body of large-diameter CI water mains, which are a result of the tensile hoop stress exceeding 
the tensile strength of the pipe. [10]. Bell shear failure at the joints, the main failure mechanism at the joints of large-
diameter pipes, is not considered in his paper since the exact cause of these failures is not known [10]. 
2.1. Load Calculations 
The model is composed of a series of established pipe and pipe-soil interaction sub-models. These component 
models are used to characterize 6 sources of hoop stress to calculate the total hoop stress experienced by the pipe. 
The sources of hoop stress considered are: the earth load, the live load, the internal pressure, the frost load, a 
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temperature gradient across the pipe wall and the stress resulting from the curvature caused by the live load. Table 1 
indicates the equations used to calculate each source of hoop stress, and the literature sources from which they are 
obtained. Two critical loading cases were identified and are considered when calculating the total hoop stress: 1) a 
pressure surge without live loading, and 2) normal operating pressure with live loading. A 1-year time step is used in 
the calculations. The notation used is defined in the “Glossary” section of Appendix A. 
Table 1:  Summary of equations used in the hoop and axial stress calculations 
Stress Source Hoop Stress Equation Source(s) 
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The stress due to the earth load is calculated using the solution of Hoeg [11] adapted for use in buried circular 
pipes, as presented by Moore [12]. A fully bonded pipe-soil interface is assumed to closely simulate the frictional 
behaviour between a high-stiffness pipe and its surrounding soil. The stress due to the live load is calculated using 
an indirect design approach as provided by AASHTO [13], with a prism model used to calculated load attenuation 
with depth [12]. The internal pressure is calculated for both normal operating conditions and under pressure surge 
conditions, using the same formula presented in Table 1. The internal pressure used depends on the load case being 
considered. 
The frost load is calculated as a multiple of the earth load, with the multiplier having a value between 0 and 1, as 
suggested by Rajani and Makar [14]. A temperature gradient across the pipe wall, due to a difference in temperature 
between the water within the pipe and the surrounding soil, will cause a hoop stress. This stress is calculated using 
the method presented by Timoshenko and Woinowsky-Kreiger [15] for a thermal gradient across a cylindrical shell 
wall. Finally, the curvature induced in a pipe by the non-uniform live load also results in hoop stress in the pipe. 
This curvature is calculated using the method proposed by Wang and Moore [16], while the resulting hoop stress is 
calculated the method proposed by Brazier [17]. 
The total hoop stress for load case 1 (pressure surge without live loading) is calculated as: 
 
1 E P F T
T T T T TV V V V V     (1) 
For this case, the internal pressure pi in the pipe is set to the surge pressure. 
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The total hoop stress for load case 2 (pipe under normal operating pressure and with live loading) is calculated as: 
 
2 E L P F T
T T T T T TV V V V V V      (2) 
For this second case, the internal pressure pi in the pipe is set to the normal operating pressure. 
2.2. Residual Tensile Strength and Factor of Safety 
The true corrosion rate of a CI pipe is difficult to determine with a high degree of accuracy due to the many 
factors that affect the rate of corrosion and the wide variation in these factors, even along a single length of pipe [4]. 
To estimate the maximum corrosion rate and pit depth, the two-phase model developed by Rajani et al. [4] is used. 
This model estimates a high, exponential rate of growth in early stages and slow linear growth in later stages, taking 
the form: 
 
(1 )cTd aT b e    (3) 
Once the maximum corrosion pit depth is known, the residual tensile yield strength of the pipe can be estimated 
using an empirical relationship developed by Rajani et al. [2]. This relationship takes the form: 
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Where 11( )res
bd
taE  , the residual wall thickness is calculated as rest t d   and the lateral dimension of the 
corrosion pit is calculated as na L D  . 
The FoS of the pipe can then be calculated using the maximum stress from load case 1 or 2 and the residual yield 
strength of the pipe: 
 
1 2( , )
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V
V V  (5) 
2.3. Stochastic Analysis 
When modeling water mains, or any buried infrastructure where direct observation is difficult, there will be large 
uncertainties in the input parameters. These uncertainties arise from both temporal and spatial variations in the 
parameters and limited information on statistical moments of the distribution. To help account for this uncertainty, 
the mechanics-based model is used in conjunction with a MCS to complete a stochastic analysis of water main 
failure. In the MCS, inputs in the model are considered to be random variables with known or assumed probability 
distributions. The probability distribution of the input variables are sampled repeatedly and the input variates are 
then entered into the mechanics-based model to calculate probability of failure and factor of safety. This sampling 
procedure is repeated a large number of times (in this case 10,000 times) to generate reliable estimates of the 
statistical moments of the outputs probability of failure and FoS.  
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2.4. Model Limitations 
The mechanics-based model and the stochastic analysis come with a number of limitations. First, the component 
equations used in the model are simplifications of complex phenomena which cannot be captured perfectly with the 
mechanics-based equations. Second, the model includes only the most important component equations to calculate 
loading that causes hoop stress and longitudinal split failures that are common in large-diameter water mains; not all 
possible loadings and not all failure modes are considered in the model. Third, the statistical moments and 
probability distributions of the input variables are taken from the research literature rather than from field 
measurements. Finally, due to a lack of available failure data for large-diameter CI pipes, the model has not been 
validated against a set of historical data. For all these reasons, the FoS and probabilities of failures calculated by the 
model should be seen as estimations, rather than true values. 
3. Case Study 
3.1. Analysis and Results 
The mechanics-based model was used to calculate the probability of failure and factor of safety for 20 large-
diameter water mains in the city of Hamilton, Ontario, Canada. All 20 of the pipes had previously been identified as 
having potentially severe consequences of failure [18]. Of the 20 pipes, 17 have a diameter of 500 mm (20”) or 
greater and 3 have a diameter of 450 mm (18”) or less. Recognizing that the calculated probability of failure and 
factor of safety should be taken as estimates of their “true” values, a relative ranking was assigned to each pipe 
based on their calculated probability of failure and FoS. This relative ranking was used as an indicator of the 
likelihood of failure of a particular pipe relative to the others considered in the analysis.  
The City of Hamilton provided data on the diameter of each pipe, the manufacturing technique used, the year of 
installation, the burial depth, and the soil in the area around each pipe. For those pipes with an unknown burial 
depth, a normal distribution with properties determined from analysis of the known burial depths was used as the 
input variable in the stochastic analysis. The City had previously ranked each of the soils on their corrosivity [18]. 
To simplify the analysis, the soils were further divided into 4 groups: non-corrosive, moderately corrosive, corrosive 
and highly corrosive. A summary of the soil types and corrosivity are indicated in Table 2. 
Table 2: Corrosivity rank and groups for each soil type present in Hamilton.  
Soil Type Abbreviation Rank Group Rating 
Dolomite Limestone Bedrock DLB 1 
Non-corrosive 
Lake Iroquois Gravel LG 2 
Lake Iroquois Beach Gravel BG 3 
Alluvial Fan Gravel AFG 4 
Sand SA 5 
Moderately 
Corrosive 
Recent Deposit Beach Sand BS 6 
Sandy Silt SAS 7 
Silty Sand SIS 8 
Silt SI 9 
Corrosive Clayey Silt CLS 10 
Shale SH 11 
Silty Clay SIC 12 
Highly Corrosive Clay SL 13 
Mixed Landfill Material LF 14 
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 The City of Hamilton also provided information on the road under which each pipe was buried, including 
whether it was a major or minor road, and thus the level of traffic above the pipe. However, due to the length of the 
time step used in the analysis (1 year), it was assumed that a large truck, such as is considered in the live load 
calculation, would pass over the pipe at some point regardless of the traffic conditions. Therefore, road type was not 
considered in the analysis and the live load was calculated in the same manner for all 20 pipes. 
Each pipe is composed of multiple segments, with segments in the same pipe having different years of 
installation, burial depths, and associated soil types. To account for this, each segment was analyzed separately and 
the pipe segment with the highest probability of failure was selected as the representative section for the pipe as a 
whole. As previously mentioned, each pipe was assigned a rank based on the calculated probability of failure and 
this is indicated in Table 3. The pipe with rank of 1 signifies that it has the highest probability of failure, while a 
pipe with rank 20 has the lowest probability of failure of the group.  
Table 3: Summary of the probability of failure rank for the 20 pipes. A rank of 1 corresponds to the highest probability of failure. A rank of 20 
correspond to the lowest probability of failure. 
Pipe 
ID 
Diameter 
(mm) Casting 
Year of 
Install. 
Burial 
Depth 
Soil 
Type 
Probability 
of Failure 
Rank 
H4 750 Spun 1930 0.5 CLS 1 
H11 500 Spun 1930 ? CLS 2 
H19 900 Spun 1950 ? SA 3 
H17 400 Spun 1958 ? SIC 4 
H18 500 Spun 1954 1.5 CLS 5 
H10 500 Spun 1930 ? SIS 6 
H15 400 Spun 1929 0.7 DLB 7 
H6 750 Spun 1930 ? SIC 8 
H8 600 Spun 1930 2.3 SIC 9 
H5 750 Pit 1913 1.5 SIS 10 
H14 1200 Spun 1930 ? SIC 11 
H13 1200 Spun 1950 1.5 SH 12 
H2 750 Spun 1928 2.1 SIC 13 
H3 500 Pit 1900 1.6 SIC 14 
H16 450 Spun 1930 1.5 SIS 15 
H9 600 Spun 1930 ? SIS 16 
H20 1050 Spun 1950 1.5 SIS 17 
H12 750 Spun 1929 1.6 SIS 18 
H1 900 Pit 1912 1.2 SIC 19 
H7 1050 Spun 1950 1.6 SIS 20 
3.2. Discussion 
The results in Table 3 suggest that the environmental and pipe factors have an effect on the pipe ranking 
(probability of failure). Statistical hypothesis testing was used to determine the strength of the relationship between 
factors and ranking (probability of failure). While useful, hypothesis testing in this case is not definitive for two 
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important reasons. First, the probability of failure ranking of each pipe depends on multiple factors. Second, the 
extent of the effect of each factor on the probability of failure ranking depends on the magnitude of the other factors. 
Effect of Diameter: Hypothesis testing showed that diameter is moderately to strongly and positively correlated 
to ranking (Spearman rank correlation coefficient of +0.40) at the 90% confidence level. Figure 1 shows a 
correlogram of the rank versus the pipe diameter. This means that, generally, small pipes have a low rank (high 
probability of failure) and large pipes have a high rank (low probability of failure). Pipes H11, H17, and H18 with a 
diameter of 500 mm (20”) or smaller have a low ranking (a high probability of failure) in Table 3. The exception to 
this rule is found in pipes H3 and H16 with diameters of 500 mm (20”) and 250 mm (18”) that received a rank of 14 
and 15, respectively. Pipes with diameters in the middle range (750 mm (30”) to 1050 mm (42”)) tend to have a 
lower probability of failure and higher rank ranging from 16 to 20. The exceptions are pipes H14 and H13 (each 
1200 mm in diameter) that were assigned a rank of 11 and 12, respectively.  
Figure 1: Correlogram of rank versus pipe diameter. 
The relationship between rank and pipe diameter is explained by the relationship between the diameter, wall 
thickness, and the stresses experienced by the pipe. As the diameter of a CI pipe increases, the wall thickness tends 
to increase as well [18,19], which in turn increases the residual tensile strength of the pipe. However, many of the 
loads experienced by the pipe, such as the earth load, also increase as the diameter of the pipe increases, thus 
increasing the total stress. Therefore, pipes with diameters in the middle range (750-1050 mm) may have the lowest 
probabilities of failure because they experience the highest increase in strength compared to the increase in stress. 
Effect of Burial Depth: The burial depth of the pipe appears to have a significant effect on the probability of 
failure of the pipe, whereby a pipe with shallow or unknown burial depth tends to have a low ranking and thus a 
high probability of failure. Since there was missing data on burial depth, hypothesis testing was not performed to 
determine the strength of the relationship between burial depth and rank. For example in Table 3, pipe H4 with a 
burial depth of 0.5 m has a rank of 1 (highest probability of failure) despite having a diameter of 750 mm (30”) and 
being in a corrosive soil. This is explained by the fact that when a pipe is at a shallow burial depth, it is more 
susceptible to live loads. 
Effect of Soil Corrosivity: The corrosivity of the soil appears to have a weak effect on the rank and probability of 
failure of a pipe. Hypothesis testing showed that soil corrosivity ranking is weakly correlated or uncorrelated with 
probability of failure ranking (Spearman rank correlation coefficient of -0.12) at the 99% confidence level. The 
results in Table 3 suggest that pipes H4, H11, and H18 with ranks ranging between 1 and 5 (high probability of 
failure) were in clayey silt (a corrosive soil). This is unexpected as there are several pipes with higher ranks (lower 
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probabilities of failure) in highly corrosive soils. This is explained by the fact that pipe H4 is at a shallow burial 
depth of 0.5 m, while pipes H11 and H18 have a large diameter of 500 mm (20”) which tends to increase the 
probability of failure.  
Effect of Pipe Age: It was hypothesized that pipes installed more recently would have a lower probability of 
failure and thus a higher rank. However, the pipe age seems to have little effect on probability of failure rank. 
Hypothesis testing confirmed that pipe age is weakly correlated or uncorrelated with ranking (Spearman rank 
correlation coefficient of +0.25) at the 99% confidence level. For example, pipes H4 and H11 with ranks of 1 and 2 
were installed in 1930, while pipes H19, H17, and H18 with rank of 3, 4, and 5 were installed in the 1950s or later. 
There are only three pipes in the sample that were pit cast, thus it is difficult to draw firm conclusions on the effect 
of the manufacturing technique. 
Conclusion 
A case study of the City of Hamilton water distribution system was undertaken to rank 20 large-diameter cast 
iron water mains on their relative calculated probability of failure. A relative rank was used instead of assigning 
absolute probabilities of failure to each pipe because of uncertainty surrounding the accuracy of the model. Data 
provided by the City of Hamilton for the case study included road type, pipe diameter, casting technique year of 
installation, burial depth, and soil type and corrosivity.  
The case study showed that there is a complex interaction between the different variables. In general, the results 
suggest that the diameter and burial depth have a moderate to strong influence on the probability of failure. With 
some exceptions, small-diameter pipes with shallow burial depths were associated with high probabilities of failure 
and large-diameter pipes deep burial depths were associated with low probabilities of failure. Soil corrosivity and 
pipe age were found to have a weak effect on probability of failure. There was an insufficient sample of pit cast 
pipes to draw a conclusion on the effect of the manufacturing technique. The road type was not considered in the 
analysis, and all pipes were assumed to experience the same live load. 
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Appendix A. Glossary 
Α Constant in residual yield strength equation D Outer diameter of pipe 
αp Coefficient of thermal expansion of pipe material d Maximum corrosion pit depth 
Β Geometric factor for a double-edge notched tensile specimen Di Inner diameter of pipe 
γs Unit weight of backfill Ep Modulus of elasticity of pipe 
ΔT Temperature gradient across pipe wall Es Modulus of elasticity of backfill 
νp Poisson’s ratio of pipe material f Frost load multiplier 
YV  Residual yield strength of pipe H Burial depth to crown of pipe 
C
TV  Hoop stress due to curvature of pipe Ip Second moment of area per unit length of pipe 
E
TV  Hoop stress due to earth load K Coefficient of lateral pressure of backfill 
F
TV  Hoop stress due to frost load Kq Provisional fracture toughness of pipe 
L
TV  Hoop stress due to live load L Multiplier of pit depth 
P
TV  Hoop stress due to internal pressure under normal operating conditions M Moment due to live load 
S
TV  Hoop stress due to internal pressure under surge conditions Msp Moment at springline due to earth load 
T
TV  Hoop stress due to temperature gradient across pipe Nsp Thrust at springline due to live load 
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wall 
A Final pitting rate constant pi Internal pressure under normal operating conditions 
1a  Constant used to calculate β ps Internal pressure under surge conditions 
na  Lateral dimension of corrosion pit S Constant in residual yield strength equation 
Ap Cross-sectional area per unit length of pipe T Time 
B Pitting depth scaling factor T Original pipe wall thickness 
b1 Constant  used to calculate β tres Residual wall thickness 
c Corrosion rate inhibition factor ty  
Distance from neutral axis to extreme fibre (half of 
pipe wall thickness) 
cp Curvature of pipe due to live load   
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